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Al-based metal matrix composites reinforced with different volume fraction of TiC par-
ticles as reinforcement was synthesized by the hot consolidation process. The titanium
carbide used in this study was synthesized directly from the titanium ore (ilmenite, FeTiO3)
by  carbothermic reduction process through thermal plasma technique. The ﬁeld emis-
sion  scanning electron micrographs (FESEM) reveals the homogeneous distribution of TiC
particles in the Al-matrix. Enhanced Young’s modulus and mechanical properties with
appreciable ductility were observed in the composite samples. The signiﬁcant increases
in  the mechanical properties of the composites demonstrate the effectiveness of the low-
density TiC reinforcement.lemental mapping
oung’s modulus
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structural materials for aerospace and automobile industries.  Introduction
etal matrix composites (MMCs) are engineering materials
n which a hard ceramic component is dispersed in a ductile
etal matrix. These materials have the characteristics that
re superior to those of the conventional monolithic metallic
lloys, required for aerospace and automobile industries [1–3].
n most of the MMCs, aluminium is the most frequently used
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238-7854/© 2015 Brazilian Metallurgical, Materials and Mining Associametal matrix material due to its low density and excellent
castability. Aluminium matrix composites (AMCs) reinforced
with ceramic particles exhibit high strength, high elastic mod-
ulus and improved resistance to wear, creep and fatigue
compared to unreinforced metals that make them promising (S. Mohapatra).
[3–11]. Al-based MMCs with ceramics like SiC, Al2O3, TiC
and TiB2 as the reinforcement phase have been widely stud-
ied in numerous research works [3,12–16]. However, TiC is
tion. Published by Elsevier Editora Ltda. All rights reserved.
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Fig. 1 – XRD patterns of TiC powder and Al–TiC composites118  j m a t e r r e s t e c h
particularly attractive due to high hardness, elastic modu-
lus, low density, excellent wettability with molten aluminium
and low chemical reactivity. Hence, Al–TiC composites occupy
a unique position in the family of metal matrix composites
due to their excellent wear resistance, high strength-to-weight
ratio and good mechanical properties. The improvement of
such properties in Al–TiC composites completely depends on
the amount and uniform distribution of TiC particles [17–19].
There are several techniques available for making particle-
reinforced MMCs  ranging from powder metallurgy (PM)
methods to casting. The segregation of reinforcement to form
inhomogeneous distributions during solidiﬁcation processing
limits the performance of the cast-route composites in dif-
ferent application areas. It has been widely reported that
inhomogeneous distributions of the reinforcement deterio-
rate the mechanical properties in particular, the fatigue and
fracture performance [3]. The powder metallurgy route is
largely used for the manufacturing of metal matrix com-
posite system because it offers several advantages compare
to cast-route. The main beneﬁts of this process are the
decreased possibility of chemical reaction between the matrix
and reinforcement phases as synthesis is occurred at lower
temperatures. This increases the chance to incorporate many
types of matrices and reinforcement phases in the same com-
posite system. It is also advantageous to include a higher
fraction of support particles in the composite when compared
with the rheological limitations of casting process. Hence, the
materials synthesized by powder metallurgy technology can
be targeted to use as structural components and can also con-
sidered as replacements for conventional materials for wear
resistant applications [20].
In the present investigation, metal matrix bulk composites
samples are prepared by the hot consolidation of Al and TiC
powders. The reinforcement TiC particles used for compos-
ite preparation was synthesized by carbothermic reduction of
ilmenite ore by high-temperature thermal plasma technique.
An appreciable bulk density has been observed for 20 vol.%
TiC–Al composites in comparison to Al with the enhancement
of hardness and Young’s modulus.
2.  Experimental
The commercial available Al powder (∼325 mesh size, SRL Pvt.
Ltd, India) and plasma synthesized TiC powder (average size
10 m)  from the ilmenite concentrate was taken as reinforce-
ment for the synthesis of Al–TiC composites. The ilmenite
concentrate was obtained from IREL, Chhatrapur, India, which
contains approximately 50.5% of TiO2 and 34.2% of FeO. For
the synthesis of ﬁne size with high purity TiC particles, the
ilmenite concentrate was reduced carbo thermally by direct
current extended thermal plasma reactor for 20 min  in an
argon atmosphere. The thermal plasma treated product is
a composition of TiC and Fe. Hence, chemical leaching pro-
cedure is adopted to free the matrix from iron and other
impurities. The detail synthesis process of the TiC powder
is explicitly discussed elsewhere [21]. The composites were
prepared by varying TiC volume fraction from 5% to 20% in
Al-matrix. For hot pressing (Make: WEBER PWV  30 EDS electro-
hydraulic universal axial pressing machine) approximatelycontaining 5–20 vol.% TiC reinforcement.
2–3 g of powder was placed in a 10 mm diameter die. The
hot pressing was carried out at a temperature of 400 ◦C with
an applied pressure of 400 MPa for 5 min  under a vacuum
of 10−4 mbar. After the completion of the heating cycle, the
chamber was left in vacuum to cool down, and argon was
purged to remove the sample from the chamber. Then the
composite samples were sectioned and polished for charac-
terization. The bulk density of the composites was measured
by Archimedes principle. The structural characterization and
phase identiﬁcation were performed by X-ray diffractometer
(XRD Model: X’Pert PRO PANanalytical) technique using CuK
radiation. The morphology and compositional mapping of
Al–TiC composites have been carried out using a ﬁeld emission
scanning electron microscope (Model: JEOL-JEM 2100 UHR).
The Young’s modulus and hardness of the composites have
been measured by nanoindentation system (Fisher Cripps,
Australia).
3.  Results  and  discussion
The XRD patterns of Al–TiC composites with different vol-
ume  fractions of the reinforcement are shown in Fig. 1. The
XRD pattern of the TiC powder synthesized by thermal plasma
treatment of ilmenite ore shows crystalline peaks of TiC with-
out any other impurity peaks. The XRD of the composite with
V = 5 indicates the presence of fcc Al along with the cubic
TiC phase. For the sample with 10 vol% reinforcement, sim-
ilar results can be observed where the intensity of the TiC
phase increases with respect to the composite with V = 5 due
to higher volume fraction of TiC reinforcement. A similar pat-
tern has been observed at V = 20 except the increase in the
intensity of TiC peak. The detection of only two  phases in the
XRD patterns of the composites with V = 5, 10 and 20 indicates
that no reaction between matrix and reinforcement to form
additional phases has occurred in the current consolidation
conditions (hot pressed at 673 K and 400 MPa).The microstructure of the composites was investigated by
FESEM and the corresponding micrographs taken from the
cross-section of the consolidated specimens are shown in
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Fig. 2 – Field emission scanning electron micrograph of (a) pure Al and composites reinforced with TiC particles having (b) 5,
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ig. 2. The micrographs clearly display the distribution of TiC
articles in the Al matrix. The sample with V = 5 (Fig. 2b) shows
he TiC particles (dark areas) homogeneously distributed
ithin the Al matrix (bright areas). As the reinforcement con-
ent increases to 10 and 20 vol%, the TiC particles tend to
gglomerate to form clusters, though the overall distribution
f these particles in the matrix remains relatively uniform
Fig. 2c and d). The microstructure of the composite does
ot show any porosity, corroborating the high density of the
amples (as shown in Table 1). Fig. 3 displays the SEM micro-
raphs and the corresponding Al, Ti and C composition maps
btained by EDX analysis of the composites reinforced with
 vol.% of TiC particles hot pressed at 673 K and 400 MPa. The
lemental distribution map  clearly reveals the homogeneous
istribution of TiC particle in Al matrix.
The room temperature compression test data of the com-
osites and unreinforced pure Al-matrix are shown in Table 2.
he composite with 10 and 20 vol.% of the reinforcement
Table 1 – Measurement of density and porosity of the composit
reinforcement.
Composition Theoretical density (g/cc) Measu
Al + 5 vol.% TiC 2.811 
Al + 10 vol.% TiC 2.923 
Al + 20 vol.% TiC 2.811 displays a signiﬁcant increase in strength level with respect to
the unreinforced Al-matrix, which indicates that the TiC par-
ticles synthesized by plasma route has strong strengthening
effect in Al matrix. The yield strength and the ultimate ten-
sile strength increase almost linearly from 107 and 320 MPa
for the sample with 5 vol.% TiC particles to 205 and 360 MPa
for the composite with 20 vol.% reinforcement. On the other
hand, the strain decreases from 47.5% to 27% respectively.
Besides the enhancement of the mechanical properties, the
addition of the TiC particles has a positive effect on the Young’s
modulus of the composites. The nanoindentation test was
performed to measure the elastic modulus and Vickers hard-
ness of these composites, and the result is shown in Fig. 4. The
elastic moduli of the Al–TiC composites have been improved
dramatically. For instance, the elastic modulus was enhanced
from 70 GPa to 88.78 GPa by increasing the volume content of
TiC from 0% to 20%. The increase in Young’s modulus indi-
cates that load transfer is more  efﬁcient in the Al–TiC system.
e samples with different volume fraction of the
red density (g/cc) Density (%) Porosity (%)
2.78 98.89 1.11
2.88 98.5 1.5
2.78 97.9 2.1
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Fig. 3 – Elemental distribution map  of the composite with 5 vol.% of the TiC reinforcement showing the distribution of the
elements in the matrix.
Improvement in load transfer is most likely due to strong inter-
facial bonding encouraged by the direct nucleation of solid Al
on the TiC particle surfaces [18].
The hardness measurement is known to be one of the most
informative and rapid methods to determine the mechanical
behaviour of composites. Hardness results of the matrix and
composites with 5, 10, and 20 vol.% of TiC are shown in Fig. 4.
The composite shows higher hardness than the base metal.
The matrix of composites contains higher dislocation density
that generates due to the large difference in thermal expan-
sion coefﬁcient between the matrix and reinforcement [17].
This higher dislocation density leads to higher hardness in
the composites. The increase in the hard phase (TiC) results
in greater hardness with a concomitant decrease in ductility
Table 2 – Yield strength, compressive strength and percentage e
of the reinforcement.
S. no. Reinforcement content (vol.%) Yield strength
1 0 42 
2 5 107 
3 10 180 
4 20 205 phase. However, the presence of TiC particle reﬁnes the grain
size. Finer grain size in composites and lowering of porosity
leads to higher hardness [17]. TiC particulate reinforced MMCs
are very interesting because TiC is thermodynamically stable
and enhances the hardness and lightness of the composite.
TiC when dispersed in Al matrix, increases the hardness to
weight ratio. Moreover, it imparts thermodynamic stability to
the composites [20,22]. The improvement in the bulk hardness
of composites is only due to the increased particle volume
fraction of TiC in Al. The attribution of increase in hardness is
due to the distribution of TiC uniformly throughout the matrix
of Al and increased speciﬁc surface of the reinforcement for a
given volume fraction [23,24]. It can be concluded that the rise
in the hardness of the composites containing hard ceramic
longation of the composite with different volume fraction
 (MPa) Compressive strength (MPa) % strain
85 55
320 47.5
340 37
360 27
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Fig. 4 – Young’s modulus and Vickers hardness with
respect to volume % of TiC in Al–TiC composites.
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articles not only depends on the size of reinforcement but
lso on the structure of the composite and good interface
onding [24].
The load versus displacement curve for the composites has
een shown in Fig. 5. A maximum load of 80 mN was applied,
nd the indentation depth stays within 2–2.25 nm.  The ﬁg-
re clearly shows a decrease in displacement from 5% to 20%
iC containing composite. The depth of indentation decreases
ith increase in hardness that agrees with the fact that hard-
ess has been increased with increase in vol% TiC.
.  Conclusions
iC particles used as reinforcement in the Al matrix in the
resent investigation have been synthesized from ilmenite
oncentrate by thermal plasma processing within a very short
eriod. The Al-based MMCs  have been produced by powder
etallurgy method. Microstructural examination showed a
niform distribution of TiC particulates in the matrix and the
resence of minimal microporosity. The composite sample
hows encouraging room temperature mechanical properties
ith improved Young modulus over that of the matrix. Vickers0 1 6;5(2):117–122 121
hardness values have been increased from the matrix to the
composites. The compressive strength increases from 85 MPa
for pure Al to about 320 and 360 MPa with 5 and 20 vol.% of
reinforcement, respectively. Similarly, the Young’s modulus
also increases with addition of the TiC reinforcement of about
70 GPa for pure Al to 78 and 89 GPa for the composites with
5 and 20 vol.% of reinforcement, respectively. Hence, Al–TiC
composites prepared by this method are suitable for structural
and industrial applications, like other Al based MMCs.
Conﬂict  of  interest
The authors declare no conﬂicts of interest.
Acknowledgement
Authors are thankful to CSIR, New Delhi, India for providing
ﬁnancial support to carry out the work.
 e  f  e  r  e  n  c  e  s
[1] Eliasson J, Sandstrom R. Applications of aluminium matrix
composites. Key Eng Mater 1995;3(36):104–7.
[2] Veeresh Kumar GB, Rao CSP, Selvaraj N. Mechanical and
tribological behavior of particulate reinforced aluminum
metal matrix composites – a review. J Miner Mater Charact
Eng 2011;10(1):59–91.
[3] Rana RS, Purohit R, Das S. Review of recent studies in Al
matrix composites. Int J Sci Eng Res 2012;3(6):1–16.
[4] Narula CK, Allison JE, Bauer D, Gandhi HS. Advanced
materials for automobiles. CHEMTECH 1996;26:48.
[5] Maruyama B. Progress and promise in aluminium metal
matrix composites. AMPTIAC Newslett 1998;2(3):1–8.
[6] Anandkumar R, Almeida A, Vilar R. Microstructure and
sliding wear resistance of an Al–12wt.%Si/TiC laser clad
coating. Wear 2012;282–283:31–9.
[7] Shabani MO, Mazahery Ali. The synthesis of the particulates
Al matrix composites by the compo casting method. Ceram
Int 2013;39(2):1351–8.
[8] Anandkumar R, Almeida A, Colaco R, Vilar R, Ocelik V, De
Hosson JTM. Microstructure and wear studies of laser clad
Al–Si/SiC(p) composite coatings. Surf Coat Technol
2007;201:9497–505.
[9] Gingu O, Mangra M, Orban RL. In-situ production of Al/SiCp
composite by laser deposition technology. J Mater Process
Tech 1999;90:187–90.
[10] Torralba JM, da Costa CE, Velasco F. P/M aluminum matrix
composites: an overview. J Mater Process Technol
2003;133:203–6.
[11] Mazahery A, Shabani MO. Study on microstructure and
abrasive wear behavior of sintered Al matrix composites.
Ceram Int 2012;38(5):4263–9.
[12] Huanga LJ, Genga L, Peng HX. In situ (TiBw + TiCp)/Ti6Al4V
composites with a network reinforcement distribution.
Mater Sci Eng A 2010;527:6723–7.
[13] Kumar S, Chakraborty M, Subramanya SV, Murty BS. Tensile
and wear behaviour of in situ Al–7Si/TiB2 particulate
composites. Wear 2008;265:134–42.
[14] Tee KL, Lu L, Lai MO. Wear performance of in situ Al–TiB2
composite. Wear 2000;240:59–64.
[15] Acchar W,  da Camara CRF, Cairo CAA, Filgueir M. Mechanical
performance of alumina reinforced with NbC, TiC and WC.
Mater Res 2012;15(6):821–4.
 n o l 122  j m a t e r r e s t e c h
[16] Lu Hong-xia, Hu Jie, Chen Chang-ping, Sun Hong-wei, Hu
Xing, Yang De-lin. Characterization of Al2O3–Al
nano-composite powder prepared by a wet chemical
method. Ceram Int 2005;31(3):481–5.
[17] Dikici B, Gavgali M, Bedir F. Synthesis of in situ TiC
nanoparticles in liquid aluminum: the effect of sintering
temperature. J Compos Mater 2011;45(8):895–900.
[18] Karantzalis AE, Wyatt S, Kennedy AR. The mechanical
properties of Al–TiC metal matrix composite fabricated by a
ﬂux-casting technique. Mater Sci Eng A 1997;237:200–6.
[19] Kennedy AR, Wyatt SM. The effect of processing on the
mechanical properties and interfacial strength of
aluminium/TiC MMCs. Compos Sci Technol 2000;60:307–14.. 2 0 1 6;5(2):117–122
[20] Tyagi R. Synthesis and tribological characterization of in situ
cast Al–TiC composites. Wear 2005;259:569–76.
[21] Mohapatra S, Mishra DK, Singh SK. Microscopic and
spectroscopic analysis of TiC powder synthesized by thermal
plasma technique. Powder Technol 2013;237:41–5.
[22] Shipway PH, Kennedy AR, Wilkes AJ. Sliding wear behaviour
of  aluminium-based metal matrix composites produced by a
novel liquid route. Wear 1998;216:160–71.
[23] Wu  JM, Li ZZ. Contributions of the particulate reinforcement
to dry sliding wear resistance of rapidly solidiﬁed Al–Ti
alloys. Wear 2000;244:147–53.
[24] Deuis RL, Subramaniun C, Yellup JM. Abrasive wear of
aluminium composites – a review. Wear 1996;201:132–44.
